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ABSTRACT

A new method of analyzing transistor
nonlinearity in the context of digital
modulation is proposed. Classical methods of
nonlinearity analysis, such as the third-order
intercept point, are ill-suited for systems based
on digitally modulated signals. The third-
order intercept point ignores higher-order
effects and latent out-of-channel power, both
of which affect spectrum regeneration. Using
a power spectral densily description of the
source, coupled with a simplified Volterra
series model of a GaAs MESFET, it is shown
that reactive nonlinearity significantly
contributes to spectrum regeneration.
Subsequently, insight is gained at the device
level for doping/implant improvements and at
the terminal level for optimal loading,
resulting in improved linearity.

I. INTRODUCTION

Present and future wireless communication
systems rely almost exclusively on digital
modulation, with many digital cellular systems
adopting some form of QPSK-based format
[1]. Digital modulation in general, and the
n/4-DQPSK format in particular, are
fundamentally different from analog
modulation in that the resultant spectrum is
generally continuous {2]. Consequently,
transistor nonlinearity characterization by the
third-order intercept point is inappropriate:
nonlinearity must alternatively be
characterized by the ratio of total power over
one frequency continuum to the total power of
a neighboring continuum [3]. The third-order
intercept point method ignores higher-order
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effects and latent out-of-channel power (a
function of the peak-to-average ratio of the
modulating signal), both of which affect
directly aggregate spectrum regeneration.
Each of these effects must be considered to
assess their individual impact on spectrum
regeneration.

Classical transistor nonlinearity
characterization, based on the third-order
intercept point, is usually limited to two-tone
excitation. However, digitally modulated
signals, and the resultant spectrum
regeneration, must be described by a power
spectral density. To analyze spectrum
regeneration and identify which transistor
nonlinearities are most significant, a new
method of analyzing nonlinearity is proposed.
The new method couples a power spectral
density description of the excitation with a
Volterra series model of transistor nonlinearity
[4]-[6]. To demonstrate its usefulness, the
method is used analyze each of the four
predominate nonlinearities contributing to
spectrum regeneration in a GaAs MESFET
driven by a n/4-DQPSK source.

II. NONLINEAR MODEL OF GaAs
MESFET AND MODEL EXTRACTION

Consider the simplified extrinsic MESFET
equivalent circuit in Figure 1, where it is
convenient to consider the port currents as a
function of the port voltages. Each terminal
current may be expressed as a sum of
constituent currents: drift current,
displacement current, and avalanche current.
In the absence of breakdown, the port currents
consist of drift current and displacement
current only, and are in general nonlinear
functions represented as
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(1

idn_‘ft = g(vgs 2 Vigs a)’

idisp = jw ' h(vgs’ vds’ w) (2)
where  is the radian frequency and the time
derivative operator has been replaced by the
Jj® operator for assumed steady state. Four
nonlinearities are independently considered.
The drift current term (1) consists of the
nonlinear transconductance and nonlinear
output conductance. The displacement current
term (2) consists of nonlinear depletion
capacitances arising from the gate-channel
junction. Output capacitance and transit-time
are assumed independent of the port voltages.

The method of nonlinear currents based on
third-degree Taylor expansions was used to
derive Volterra nonlinear transfer functions up
to third-order for the equivalent MESFET
circuit of Figure 1 [7]. Consideration of only
one nonlinearity per analysis simplified
generation of the Volterra nonlinear transfer
functions, which were derived in closed-form
using Mathematica [8]. Taylor expansions
representing the constituent currents of (1) and
(2) are expressed as

. _ 2 3
Larift gm = 8m1Vgs + 8m2Ves T 8m3Ves (3)

C))

, _ 2 3

Larifi,gds = 8ds1Vas T 8ds2Vas T 8as3Vas
: . 2 3
Liisp,cgs = JO (Cgslvgs + Cgs2vgs + Cgs3vgx) (5)

. . 2 3
ldisp,ng =Jjo- (nglvgd + ng?.vgd + ngfivgd) (6)

where cross-terms are assumed negligible.
The device used in the analysis was a
400 um x 1.0 um Motorola CS-1 GaAs
MESFET biased at 6.0 V and 30 mA (0.5Ly;).
Coefficients for (3) - (6) were extracted at
850 MHz and Py,/P1 4B = -7.0 dB using least-
squares fits to measured data from an HP
8510C network analyzer. The accuracy of the
extraction was verified using Symbolically
Defined Devices in the HP MDS to simulate
the equivalent circuit of Figure 1 [9].
Measured and simulated two-tone
intermodulation distortion was found to be in
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excellent agreement at the frequency and
power level extracted.

II. ANALYSIS AND RESULTS

The excitation source is described by a
power spectral density following the North
American Digital Cellular standard, with the
modification that the receive root-raised
cosine filter was not included in the
integrations described next [1]. The power in
the main channel over a 30 kHz BW, in terms
of the input power spectral density S(f), is

f,+15kHz

Po= | |BG[sdr

f,-15kHz

(7

where it has been assumed that the power
present in the main channel is due to linear
terms only. The upper adjacent-channel
power, in terms of the input power spectral
density S(f), is

f,+15kHz 2
Po= | B s re
fo—15kHz (8)

where o and T are modulation constants and
"**" denotes double convolution of S(f) with
itself. In (7) and (8), H; and H3 represent
first- and third-order Volterra nonlinear
transfer functions, respectively, based on (3)-
(6).

The individual contribution of each
nonlinearity (3)-(6) to spectrum regeneration
was analyzed by simultaneously linearizing
the remaining three nonlinearities of the
equivalent circuit of Figure 1. The results are
shown in Table 1 below. The ratio of P, to
P, is defined as the adjacent-channel power
ratio; a ratio of -50 dBc would represent an
ideal amplifier. Figures 2 through 5 shows the
simulated spectrum regeneration for nonlinear
transconductance, gate-source depletion
capacitance, gate-drain depletion capacitance,
and output conductance, respectively.

From the results it is clear that nonlinear
transconductance is the most significant
contributor to spectrum regeneration. It



should be noted that both second- and third-
degree nonlinearities influence adjacent-
channel spectrum regeneration. The next most
predominant term was nonlinear gate-source
depletion capacitance. Similarly, both second-
and third-degree nonlinearities influence
adjacent-channel spectrum regeneration. The
remaining two nonlinearities, the gate-drain
depletion capacitance and the output
conductance, made relatively small
contributions to spectrum regeneration.

IV. CONCLUSION

A new method of analyzing transistor
nonlinearity in the context of digital
modulation was presented. The method, based
on a power spectral density description of the
source coupled with a Volterra series
transistor model, provides device level insight
for nonlinearity analysis that a simplified
third-order intercept analysis does not. The
method was used to determine the
predominant nonlinearities of a GaAs
MESFET, demonstrating that reactive
nonlinearity is significant. Planned future
work will consider generation of the Volterra
nonlinear transfer functions with a harmonic-
balance simulator, facilitating analysis of
multiple simultaneous nonlinearities. The
method presented here should find application
in device level linearity improvement,
development of optimal source/load
impedances for best adjacent/alternate channel
linearity, and development of a cascaded
adjacent/alternate channel analysis method.
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Figure 1. Simplified Extrinsic GaAs
MESFET Model Used in Analysis



Table 1. Adjacent Channel Power Ratios for

Each Nonlinearity
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Figure 2. Spectrum Regeneration Due to
Nonlinear gy,

o
!
1
e e

i

-50

Normalized Magnitude in dB

------ No nonlinearity { v
-60 H E

Nonlinear Cgs

.70 y ' J
15100 310 4510* 610°

0

~

Frequency Offset From Carrier in Hz

Figure 3. Spectrum Regeneration Due to
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Figure 5. Spectrum Regeneration Due to
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